Polychlorinated biphenyls (PCBs) are a class of chlorine-substituted aromatics consisting of 209 possible congeners. PCBs were sold commercially and entered the environment as various mixtures of individual congeners (e.g., Aroclor in the United States, Kanechlor in Japan). The physical-chemical properties and toxicity of PCBs vary with the degree of chlorine substitution, number of vicinal unsubstituted carbons, and steric configuration (1) . PCBs have become significant environmental contaminants because they are persistent, ubiquitous, bioaccumulative, and potentially carcinogenic. Currently PCBs are considered to be class B2 carcinogens because of sufficient weight of evidence in animals (hepatocellular carcinoma), but inadequate weight of evidence in humans (2) . Although the carcinogenic potency of PCBs remains uncertain, the assessment of potential cancer risk of PCBs in environmental media remains a requisite component of risk assessment (3) .
Risk assessment generally involves estimating potential risk from intake rate and the carcinogenic potency of the chemical. Estimates 
Methods
We predicted PCB concentrations in fish and shellfish using an equilibrium partitioning model of PCB bioaccumulation in the aquatic animal (5): BCF = k1lk2, (1) where BCF is the ratio of the PCB concentration in the aquatic animal to exposure water at equilibrium, and kl and k2 are first-order uptake and elimination constants, respectively. Inherent assumptions of the equilibrium partitioning model include steady-state conditions, negligible biotransformation, and contaminant uptake by the aquatic animal solely from water.
We estimated potential cancer risk (RISK) to adult humans from ingestion of PCB-contaminated fish and shellfish using the reported (6) Cr=BCFxfx Cw.
The edible tissue fraction (f) was included in Equation 4 to normalize CT to the PCBs present in tissue ingested by humans (7) .
The relationship between chemical hydrophobicity and potential cancer risk was evaluated using BCFs estimated from the relationship between octanol-water partition coefficient (K0Q) and BCF in fish (8) :
The effect of PCB bioaccumulation in aquatic animals from food-chain sources (trophic transfer) was evaluated by applying a hydrophobicity-dependent food chain multiplier (FCM) to the hydrophobicity-dependent BCF from Equation 5 :
The calculated bioaccumulation factor (BAF) was then substituted for BCF (in Total elimination was set equal to (k2 + kM), and kM was varied over the range of 0.0001 to 0.1 day-l (corresponding to halflives between 6930 to 6.93 days).
We evaluated the effect of nonequilibrium conditions on the potential cancer risk of PCBs bioaccumulated in fish and shellfish by calculating Cr with increasing PCB exposure time (11): Cr = cw x f x (k /k2) x (1e ); (9) kl and k2 were substituted for BCF (Eq. 1).
The potential cancer risk resulting from the ingestion of individual PCB congeners was estimated by substituting the congener-specific cancer slope factor Default Calculated 700 I x day 0.007 day 7.7 (mg x kg-x day- CSFspecific was calculated from: (10) where CSFTCDD [CSF for 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD)] was equal to 1.5 x 105 (12) and the TEFs (toxic equivalency factors) for individual congeners were from Safe (1) or Kafafi et al. (13) . The TEF normalizes the potency of an individual congener to the potency of TCDD (TEF = 1) (1). Tissue concentrations (Cr) were estimated using the congener-specific hydrophobicity (K0w) from Hawker and Connell (14) to calculate BCF (Eq. 5).
Results and Discussion
Model Assumptions Potential cancer risk from ingestion of PCBs in fish and shellfish was estimated using a standard oral exposure model for adults and the product of carcinogenic potency and chemical intake. The concentration of PCBs in edible tissue was calculated from an equilibrium partitioning model, rather than using measured tissue concentrations, to evaluate the dependence of cancer risk estimates on model assumptions. Using a fixed cancer slope factor (Table 1) , estimated potential cancer risk was directly proportional to the predicted tissue concentration in the aquatic animal.
To calculate tissue concentrations, we chose representative default conditions (Table 1) for aquatic animals and PCBs. The default value for the uptake constant was 700 1/day, which was in the range of 1-1000 I/day reported for fish by McKim and Heath (15) . The default value for the elimination constant was 0.007 day-1, corresponding to an elimination half-life of 99 days. Niimi and Oliver (16) reported that the elimination half-lives of PCB congeners from trout (Oncorhynchus mykiss) muscle ranged from less than 5 days to 127 days. The edible tissue fraction (f) was used to adjust PCB concentrations in the whole body of the aquatic animal to the edible tissue concentration. The value for f (0.4) was calculated from the ratio of PCBs in muscle to-whole fish of Lake Ontario salmonids (7) and appeared to vary with fish species and the congeners present (7). We used the relationship between hydrophobicity (Kow) and BCF (8) to estimate tissue concentrations of PCBs in fish and shellfish; this relationship was established with fish of a mean lipid content of 7.6% (9) . Lipid contents were not normalized for species or trophic level, although lipid content and composition are variable in aquatic animals (e.g., 1-10% of tissue mass), even within a specific tissue (17) . The default water concentration (0.1 ng PCB/1) was constant ( Table 1 ). This concentration is below the range of reported background water concentrations in diverse aquatic environments (18) and approximated the ambient water quality criteria (19) corresponding to 10-6 excess cancer risk for the ingestion of PCB contaminated fish and shellfish.
The majority of the default assumptions of the oral exposure model for adult humans were conservative and thus may result in an overestimate of risk. For example, absorption efficiency in humans was set at 1 (100% bioavailability), as recommended by EPA (3). However, animal studies have shown a general trend of decreasing absorption efficiency for higher chlorinated congeners (20) . Ingestion of PCB-contaminated fish and shellfish was assumed to occur for 350 days/year for 30 years (3). Intake was estimated assuming an average ingestion rate of 6.5 g contaminated tissue per day, as recommended by EPA (3). The 6.5 g/day value represents a national average for populations with a diversified diet of animal products, while human populations consuming only contaminated fish and shellfish may have ingestion rates in excess of 180 g/day (4).
Carcinogenic potency was quantified using the published CSF for PCBs (6) (22) . Predicting PCB bioconcentration in the edible tissues of fish and shellfish from equilibrium partitioning resulted in increasing potential cancer risk estimates with increasing chemical hydrophobicity (Fig. 1) . This increase occurred because the evaluation used a fixed cancer slope factor (7.7) and assumed equilibrium partitioning was the sole process controlling tissue concentrations. The relationship between hydrophobicity and potential cancer risk was evaluated for log KAw between 4 and 6.5 because this range spanned the lower limit of PCB hydrophobicity (14) , and hydrophobicity may not control bioconcentration at log Kow greater than 6.5 (9 (9) from the food chain model of Thomann (10) . The Thomann model did not specifically account for accumulation of sediment-associated PCBs (10) . FCMs developed from the refined Thomann et al. (30) model were not available.
Greater potential cancer risk was estimated from food-chain-bioaccumulated PCBs than from bioconcentration alone (Fig. 1) . Food chain bioaccumulation caused the potential cancer risk estimates to exceed 10-6 for log Kw >5.5. Potential cancer risk was not estimated above log Kow of 6.5 because of high variability in FCMs (9) . Lower cancer risk would be predicted from ingestion of species at a lower trophic level (e.g., filter-feedingshellfish) because FCMs are lower (9) . When food chain bioaccumulation is important, application of BCFs alone to predict tissue concentrations will underestimate potential cancer risk from ingestion of contaminated fish and shellfish. The trophic level and the feeding behavior of the ingested species will also be important determinants of potential cancer risk.
Environmental Degradation and Biotransformation
Conventional assumptions in risk assessment usually include the absence of significant biotransformation or degradation of contaminants. However, significant environmental degradation (e.g., hydrolysis or photolysis, biodegradation), or metabolism (e.g., biotransformation to polar metabolites) of the chemical may result in lower tissue concentrations in the aquatic animal. Environmental degradation of PCBs generally involves dechlorination, chlorobenzoic acid formation, and ring cleavage (33, 34) . Degradation of PCBs in environmental media may reduce cancer risk by reducing contaminant concentrations in the ambient water or sediment (driver compartment). Evaluations using the default parameters for PCBs (Table 1) showed that relatively rapid degradation (e.g. half-lives <70 days) was necessary to substantially reduce driver compartment concentrations and thus reduce potential cancer risk (Fig. 2) . Independent of the default parameters, the relationship between driver compartment concentration (e.g.,C,) and tissue concentration (Eq. 7) predicted that 3.3 degradation halflives were required to reduce potential cancer risk by one order of magnitude.
Biotransformation of PCBs by aquatic animals generally proceeds by P450-mediated oxidation of unsubstituted carbon atoms in non-ortho positions (35) . Biotransformation is favored by vicinal unsubstituted meta-para carbon atoms and provides a site for epoxidation (35) . Conjugation of hydroxylated metabolites is limited (33) . Chlorine substitution at the meta-para carbon atoms results in "enrichment," whereas ortho-chlorine substitution Environmental Health Perspectives AEl MCI -1 -m; i; favors elimination (20) . For example, Tanabe et al. (20) found that the elimination half-life of trichlorobiphenyl in fish decreased from 94 days to 3 days with increasing ortho-chlorine substitution, presumably due to increased biotransformation (17) . There also appears to be a general inverse relationship between the rate of PCB metabolism and the extent of chlorination (16) . Biotransformation was modeled as a first-order rate constant with half-lives from 7000 to 7 days and assumed transformation to nongenotoxic metabolites (no increase in CSF; Fig. 3 ). Evaluations using the default conditions (Table 1) indicated that even slow metabolism (e.g., metabolic half-life of 100 days) in the aquatic animal reduced tissue concentrations and substantially reduced potential cancer risk (Fig. 3) . Prior exposure to PCBs and related chemicals will increase the rate of biotransformation by induction of P450 isozymes. For example, prior PCB exposure to aquatic animals favors metabolism of coplanar non-ortho chlorine-substituted congeners (35) . Induction of biotransformation in the aquatic animal may further reduce potential cancer risk by reducing PCB concentrations in the tissues of aquatic animals. Carcinogenic metabolites of PCBs are less likely to be transferred to humans (36 (Fig. 4) . A reduction in exposure time will reduce the estimated cancer risk (Fig. 4) . Aquatic Figure 4 . Relationship between duration of PCB exposure to the aquatic animal and estimated potential cancer risk in humans consuming contaminated fish.
found that 10 congeners represented approximately 52% of the total PCBs in Lake Ontario salmonids. Oliver and Niimi (27) (Fig. 5) . Of the congeners evaluated, only di-ortho substituted coplanar PCBs (e.g., congeners 128, 190, 2055) had cancer risk estimates below 10- (Fig. 5) . Alternatively, application of TEFs developed from Ah receptor binding (13) resulted in an order of magnitude lower estimated risk for the majority of PCB congeners evaluated (Fig. 6) (13) .
hydrophobicity were also limited for other PCB mixtures. Thus, risk assessment of PCBs bioaccumulated in fish and shellfish indicated substantially greater potential risk from individual congeners than from the total PCB concentration (37) . Specific PCB congeners may also contribute greater potential toxicity than other contaminants bioaccumulated in fish (38) . However, the carcinogenic potency of specific PCB mixtures or congeners remains uncertain (2, 21 The potential cancer risk estimates developed in this evaluation were specific to the simulation conditions (i.e., standard default conditions and PCB-specific parameters). However, although the magnitude of the risk factors were dependent on the simulation conditions, the observations and conclusions are intended to have general applicability. Site-specific and congenerspecific risk estimation may be accomplished by integration with more complex exposure models (e.g., site-specific food chain model) and risk analysis models.
